Abstract-Density, electron microscopy, elastic modulus, and small-angle neutron scattering studies are used to characterize the microstructures of yttria-stabilized zirconia plasma-sprayed deposits as a function of both feedstock morphology and annealing. In particular, anisotropic multiple small-angle neutron scattering data are combined with anisotropic Porod scattering results to quantify each of the three main porous components in these thermal barrier coating materials: intrasplat cracks, intersplat lamellar pores and globular pores. An inverse correlation between the volume of porosity and its surface area is confirmed for the as-sprayed deposits, as is a preferential annealing of intrasplat cracks at elevated temperatures. The average elastic modulus is correlated with the total void surface area while the elastic anisotropy is related more closely to the intersplat porosity. However, depending on the feedstock morphology, globular pores are also shown to play a surprisingly significant role in post-anneal deposit microstructures and properties. 
INTRODUCTION
Plasma-sprayed ceramic deposits are widely applied in engineering practice as thermal barrier coatings (TBC) on substrates or as free-standing parts following their removal from substrates [1] [2] [3] [4] . However, TBCs have engineering reliability problems that may limit the trustworthiness and value of the systems into which they are incorporated [1, 5] . An incomplete understanding of the complex processing-microstructure-property relationships in plasma-spraying, together with an insufficient microstructural characterization of the spray deposits themselves, lies at the heart of these reliability problems. Much current application development is empirically-based with only a limited use of mathematical models [6] .
Plasma-sprayed ceramic deposits possess a complicated microstructure formed by the successive impacts of semi-molten powder particles on a substrate [7] . On impact, they spread out and solidify rapidly into lamellar splats with cooling rates in the † To whom all correspondence should be addressed. . This results in the build-up of high cooling stresses within the splats and the frequent appearance of metastable phases [8] . Additional stresses may arise because of the different thermal expansion coefficients of the deposit and the substrate. Frequently, such stresses are relieved by cracking or sliding of the splats. Elevated temperatures during service life cause further microstructural changes and long-term phase changes [9, 10] .
Plasma-sprayed ceramic deposit microstructures are dominated by two anisotropic distributions of preferentially-oriented voids: intersplat lamellar pores and intrasplat cracks. There is also a broad size distribution of rounded globular pores [11] . Intersplat pores are mostly parallel to the substrate (perpendicular to the spray direction) whereas intrasplat cracks are mostly perpendicular to the substrate. Variability in these coexisting anisotropic distributions, and the closed nature of many of the voids, have limited the applicability of techniques such as image analysis [12] or mercury intrusion porosimetry [13] . However, the high penetrability of neutron beams within condensed matter has been exploited to characterize the representative microstructures of both the open and closed voids in plasma-sprayed deposits. Our previous work [14] [15] [16] [17] [18] [19] [20] [21] [22] has applied the small-angle neutron scattering (SANS) method of Porod surface characterization to differentiate between the surface area orientation distributions of the two anisotropic void populations.
In the present paper, we describe how anisotropic multiple small-angle neutron scattering (MSANS) studies can be used to determine the representative dimensions, porosities, and orientation distributions of the microstructural void components in plasmasprayed ceramic deposits. This is done in some detail because the application of MSANS analysis to anisotropic multicomponent microstructures has not been presented previously. The results of the MSANS analysis are compared with electron microscopy observations. When sufficient void anisotropy exists, a combination of anisotropic MSANS studies and SANS Porod surface area characterization, together with density measurements, makes feasible the separate parameterization of all three void populations including the globular pores. Using these methods to quantify the microstructural changes that arise from annealing, new insights are gained into the changes observed in the properties of annealed plasmasprayed ceramic deposits such as those revealed by elastic modulus measurement. Finally, we discuss how modulus measurements can be combined with SANS and MSANS studies to provide a more complete characterization of the microstructural changes that typically occur at elevated temperatures during the early service life of plasma-sprayed ceramic TBC deposits.
EXPERIMENTAL PROCEDURE

Samples studied
Two yttria-partially-stabilized zirconia feedstock powder materials were studied, each with 7-8% yttria mass fraction to suppress transformations between the tetragonal zirconia phase and the low-density monoclinic phase during formation and subsequent thermal cycling of the plasma-sprayed deposits. One, prepared by the fused-and-crushed method and denoted FC (Amdry 142 from Sulzer Plasma Technik Inc., Troy, MI †), contained dense irregular grains in the size range 40-115 µm. The other, prepared by a proprietary (HOSP) plasma-spheroidization process and denoted PS (SX233 from Osram Sylvania Inc., Danvers, MA), contained less dense globular particles in the size range 25-95 µm. The lower density was due to the existence of internal porosity within the PS particles.
The plasma-sprayed deposits were fabricated using a gas-stabilized spray system (F4ϩ system, Sulzer † Information on commercial products is given for completeness and does not necessarily constitute or imply their endorsement by the National Institute of Standards and Technology.
Plasma Technik Inc., Troy, MI) at the Center for Thermal Spray Research, State University of New York, Stony Brook, NY. The spray nozzle diameter was 8 mm, the powder injector diameter, 1.8 mm, and the gun power was 500 A at 68 V. The powder feed rate was 1.56 kg h Ϫ1 (26 g min Ϫ1 ), the argon primary gas flow rate, 2.4 m 3 h Ϫ1 (40 slpm), the hydrogen secondary gas flow rate, 0.60 m 3 h Ϫ1 (10 slpm), and the argon carrier gas flow rate was 0.18 m 3 h Ϫ1 (3 slpm). The spray distances between the torch nozzle and substrate were 90 mm for FC and 65 mm for PS, chosen because these spray distances gave the least dissimilar total porosities.
Deposits, Ϸ5 mm thick, were sprayed onto mild steel substrates covered with a thin (Ͻ0.1 mm) layer of arc-sprayed aluminum. The aluminum layer was then dissolved in 20% HCl acid to obtain free-standing deposits. The samples were sectioned to final dimensions of around 5 mmϫ25 mmϫ3.8 mm using a low-speed diamond saw. Five FC and five PS samples were prepared for study in the as-sprayed condition, and also after annealing for 1 h at 1100°C, 1200°C, 1300°C or 1400°C. Each annealed sample was heated to and cooled from its furnace annealing temperature at a rate set to 600 K h Ϫ1 but cooling was slower than this below 400°C.
The sample densities were determined geometrically after precision diamond cutting and grinding into tetragonal shapes. The precise orthogonal dimensions were measured by micrometer and each sample carefully weighed in air. From the densities given by the mass-over-volume ratios, total porosities, ⌽ T , were deduced to within a standard deviation of ±0.1% by volume, based on the average of five independent density determinations in each case and an assumed theoretical density of 6.00 g cm Ϫ3 [8] . Accurate evaluation of ⌽ T , shown in Table 1 , was essential for reliable microstructural characterization of the deposits by small-angle scattering.
Porod (surface) small-angle neutron scattering characterization
All of the small-angle neutron scattering (SANS) measurements were made on the 8-meter SANS instrument [23] at the Center for Neutron Research, National Institute of Standards and Technology, Gaithersburg, MD. A monochromatic, collimated beam of neutrons with wavelength, l, controlled by a neutron velocity selector, was passed through each parallel-sided sample. Scattered neutrons were recorded with a two-dimensional area detector. An experimental schematic is shown in Fig. 1 for the two different sample orientations used. In plasma-sprayed ceramic deposits, the scattering arises from a difference, ͉⌬r͉, in the neutron scattering-length density, a fundamental measure of the neutron interaction with matter, at the interface between the voids and the solid splats. The absolute-calibrated scattered intensity or macroscopic differential scattering cross-section [24, 25] , d⌺(Q)/d⍀, is a function of the magnitude Q ( ϭ [4p/l]sinq, where 2q is the scattering angle) and direction of the scattering vector, Q. Fig. 1 shows that Q lies in the scattering plane and is almost orthogonal to both the incident and small-angle scattered beams. In principle, d⌺(Q)/d⍀ is related to the porosity or volume fraction, ⌽, of the scattering voids, to their scattering contrast, ͉⌬r͉ 2 , with the surrounding material, and to their size, orientation and surface-area distributions, projected along Q. In practice, the coarse and concentrated deposit microstructures preclude conventional SANS studies except for measuring the void surface areas from the Porod scattering at high Q where Q⌬Ն3 and ⌬ is the opening dimension of the voids.
Porod scattering [24] measurements were made to determine the total surface area per unit volume, S T , of all of the open and closed voids in the sample microstructure. Symmetry in the microstructure about the spray direction enabled a complete anisotropic analysis to be performed from one Porod measurement on each sample oriented with the spray direction perpendicular to the incident neutron beam [17, 22] . The beam diameter was 2.4 mm, l ϭ 0.6 nm, the wavelength resolution, ⌬l/l ϭ 15%, and the sample-to-detector distance was 3.6 m, giving a measured Q range of 0.1-1.6 nm Ϫ1 . The anisotropic scattered data were corrected for parasitic background scattering effects, calibrated against a silica scattering standard, and sector-averaged to give d⌺(Q)/d⍀ data vs Q in 10°increments about the incident beam position on the instrument detector. The apparent Porod surfaces were evaluated over a typical Q range of 0.3-1.2 nm Ϫ1 , depending on the Q direction. Anisotropic Porod scattering, described in detail elsewhere [17] , strongly amplifies the true anisotropy in the surface area orientation distribution of the deposits. This is important for distinguishing the different anisotropic void distributions. For example, for a single population of spheroids, monodispersed in shape, size and orientation, of aspect ratio, b, and orthogonal radii, R O , R O , bR O , the anisotropy in the Porod scattering [26, 27] is proportional to 1/b 4 . Such extreme anisotropy in the scattering depends critically on the shape and orientation of the scattering voids, and is not easily related to the true pore surface area orientation distribution. However, an orientational average of the Porod scattering (at given Q) for Q directions taken over all solid angle with respect to the sample spray direction, can be used to determine the total void surface area:
where ͗d⌺(Q)/d⍀͘ implies an orientational average. As with the total porosity, ⌽ T , an accurate value for the total (open and closed) void surface area within each sample, S T , determined using equation (1) and shown in Table 1 , was found to be essential for an unambiguous microstructural characterization of each deposit.
Multiple small-angle neutron scattering characterization
Internal surface area characterization is important for quantifying plasma-sprayed microstructures but the information obtained from Porod scattering alone is incomplete. For many materials other SANS methods can complement the surface area information by providing representative sizes and volume fractions of the void component morphologies. For plasma-sprayed deposits the large void dimensions (0.1-10 µm) cause the Porod scattering to extend throughout the Q range of most SANS instruments at neutron wavelengths shorter than 0.8 nm. At longer wavelengths the high void concentrations result in copious multiple scattering. Fortunately, in recent years the MSANS technique has been developed [28] [29] [30] [31] [32] [33] and applied to recover some of this structural and volumetric information [34] [35] [36] .
The MSANS formalism (see Appendix A for a summary of the algebraic functions used) predicts the MSANS beam-broadening vs wavelength and was originally developed to extract microstructural parameters from the broadening associated with concentrated ensembles of coarse, spherical scatterers [28] [29] [30] . It has been progressively enhanced to treat: randomly-oriented spheroids [31] [32] [33] , anisotropicallyoriented oblate spheroids (e.g., cracks), and now multi-component systems containing two anisotropic distributions of cracks or planar pores co-existing with a globular pore population.
Following our previous analysis [28] [29] [30] [31] [32] [33] the overall profile in Q, W(Q͉t s ), of the neutron beam is considered [28] after it has progressed through a sample thickness, t s . The profile W(Q͉t s ) is related to the measured beam-broadening by:
WЉ(Q͉t s ) represents a double-differential with respect to Q and the parameter, r c , is effectively the "radius of curvature" of the shape of the beam profile in Q at zero Q. Although unmeasureable directly, r c is experimentally a measure of the width of the beambroadening and is numerically equal to the standard deviation of a Gaussian fitted to the beam profile at low Q. Thus, r c has the same units as Q. The variation of r c with l has provided a more tractable analysis for obtaining the mean scatterer size than has analysis of the broadened beam profile at just one l value [34] [35] [36] .
For a microstructure that is axially-symmetric about the incident beam direction, the scattering is circularly-symmetric and Moliere's theory of multiple scattering (in the form of transport equation used by Bethe) can be applied to describe the beam profile as it passes through condensed matter. If k ϭ 2p/l, the volume-weighted mean radius of the scatterers is R O , the mean number of multiple scatters within the sample is z, and J O (x) denotes a zero order Bessel function, it has been shown [28] [29] [30] [31] that:
where z is a dimensionless integration variable. While the integrals must be evaluated numerically, the realspace function, q(z), is related to the single-scattering intensity by:
where, for an axially-symmetric microstructure about the incident beam direction, ⌺ T is the total scattering cross-section per unit sample volume, i.e., ⌺ T ϭ ns T where s T is the mean total scattering cross-section per scatterer, n is the number density of scatterers in the sample, and z ϭ ⌺ T t s ϭ ns T t s . The term ͗d⌺(Q,n O )/d⍀͘ ORIENT is the average single-scatter SANS cross-section per unit sample volume taking into account the axially-symmetric microstructure orientation distribution (see Appendix A). The parameter, n O , is a phase parameter given by n O ϭ 2R O ͉⌬r͉l, and indicates that the multiple scattering from coarse features is affected both by diffraction and by refraction [28] . Only when n O 1 can refraction effects be ignored. For a plasma-sprayed ceramic deposit sample oriented with the spray direction parallel to the incident neutron beam (see Fig. 1 ), the microstructure is axially-symmetric about the spray direction and the above conditions hold (i.e., the MSANS is circularly-symmetric). For an orthogonal sample orientation the anisotropic MSANS data can be circularly-averaged about the incident beam direction. This is equivalent to circularly-averaging the orientation distributions of the intrasplat cracks and intersplat pores to give an effective axially-symmetric microstructure about the incident beam that is nevertheless not the same as when the sample is oriented with the spray direction parallel to the beam.
Thus, With known ⌽ T , together with known ⌺ T and average single-scatter SANS cross-section, ͗d⌺(Q,n O )/d⍀͘ ORIENT , for each of the two sample orientations used, equations (2)-(4) can be used in principle to extract a representative radius, R O , from the circularly-averaged MSANS broadening, r c , as a function of l [28] [29] [30] [31] [32] [33] [see Fig. 2(a) ]. In practice, a functional form of ͗d⌺(Q,n O )/d⍀͘ ORIENT must be found that takes into account the anisotropic multicomponent void microstructures. In this connection, we assume the intrasplat crack and intersplat pore void spaces to comprise separate networks of oblate spheroidal volume elements with, respectively, volume-weighted mean radii R OC and R OP , mean aspect ratios b C and b P , and porosities ⌽ C and ⌽ P . We assume the globular pores to be spheres with mean radius, R OG , and porosity, ⌽ G .
For spheroidal elements oriented with their bR O axes at an angle h with respect to Q, it has been shown previously for the single-scatter SANS crosssection that [31] :
and: 
1/2 , X ϭ cos(h), and x is a dimensionless integration parameter (different from z in the derivation of the multiply-scattered beam profile). Also, the total scattering cross-section for spheroid orientation, X, is given by [31] :
with
and c ϭ bn O /K(b,X). With either sample orientation, both d⌺ b (Q,n O ) X /d⍀ and ⌺ b,X must be averaged over the separate spheroidal-element orientation distributions (with respect to Q) for the intrasplat cracks and intersplat pores, and summed together with the contribution from the globular pores to give ͗d⌺(Q,n O )/d⍀͘ ORIENT and ⌺ T .
To perform the orientational averaging, the approximate orientation distributions for the cracks and the intersplat pores are separately parameterized in terms of the probability weights-over-random of finding the short (bR O ) axes of their oblate spheroidal elements (the local crack-or pore-normals) within 30°of the spray direction, 30-60°from the spray direction, or 60-90°from it. These weights, p L , p M and p H , respectively, are normalized to unity with respect to an integration over all possible solid angles for each void system, giving:
) For MSANS measurements with the spray direction parallel to the incident beam, these weights give the orientation distribution about the incident beam directly. For the circularly-averaged anisotropic MSANS data obtained with the spray direction perpendicular to the beam, a transformation is necessary to give the probability weights-over-random of finding the short (bR O ) axes in corresponding angular ranges with respect to the incident beam direction, rather than the spray direction. Equations (5) and (6) can then be numerically-averaged over these two different axially-symmetric orientation distributions. To orientationally-average the SANS cross-sections, an angular mesh size of 0.0025p radians is used for both the azimuthal and polar angles with respect to the incident beam, and the angle, h, with respect to Q calculated at each orientation. The direction of Q is approximated to lie within the plane of the sample.
Equations (3) and (4) must be expressed in terms of a representative microstructural radius, and it was found convenient to make this the intrasplat crack radius, R OC . However, the SANS cross-section, ͗d⌺(Q,n O )/d⍀͘ ORIENT in equation (3), combines the scattering from all three void components as do ⌺ T and z in equation (4) . Thus, while ͗d⌺(Q,n O )/d⍀͘ ORIENT depends only on R OC as an independent parameter, it incorporates assumed relative volume fractions of the three void components, size ratios (R OP /R OC and R OG /R OC ), spheroidal element aspect ratios (b C and b P ) and orientational weights (p L , p M and p H ) for each of the crack and intersplat pore networks. Also, ⌺ T ϭ ⌺ C ϩ ⌺ P ϩ ⌺ G with the subscripts C, P and G denoting the intrasplat crack, intersplat pore and globular pore components, respectively. Finally, equation (3) must be evaluated at Q ϭ 0 and doubly-differentiated with respect to Q, allowing r c to be obtained at a given l using equation (2) .
In principle for a given independently-measured ⌽ T , R OC can be determined from the experimentally measured r c vs l by inversion of equations (2)- (4) . Since the crack and intersplat pore networks are sufficiently anisotropic and distinct from each other to give significantly different circularly-averaged MSANS broadening for the two sample orientations studied, the microstructural parameters can be adjusted until consistency is achieved between the R OC values obtained from the MSANS model fitting in the two sample orientations. Unfortunately, these r c vs l variations, alone, are insufficient to determine the microstructure, uniquely, and two further constraints must be introduced. One of these is that the combined surface area of the three void components must be equal to S T , measured independently by Porod scattering. The other constraint is to require consistency with the anisotropy actually observed in the MSANS beam-broadening [shown in Fig. 2(b) ] when the sample spray direction is oriented perpendicular to the incident neutron beam.
It is not possible to model the anisotropy in the MSANS broadening directly using equations (3) and (4) because of the requirement for axial symmetry about the incident beam direction. However, for one population of oblate spheroidal elements with orientation X, equation (5) predicts [37] that the width of the single-scatter profile in Q is proportional to
Ϫ1 in the diffraction limit of n O 1. This means that the degree of anisotropy in the scattering is proportional to 1/b and is (inverse) linearly related to the anisotropy in the microstructure. It is assumed that the anisotropy in the MSANS beam-broadening follows this single-scattering anisotropy. The MSANS anisotropy for each of the two anisotropic void populations is calculated by numerically-averaging the 1/K(b,X) anisotropy factor over the orientation distribution with respect to any one direction of Q in the sample plane. This process is repeated for all azimuthal Q directions around the incident beam while applying the same sector-averaging as used in the anisotropic MSANS data collection. The overall predicted anisotropy is then deduced from a weighted average of the sector-averaged component anisotropy factors for the intrasplat cracks, intersplat pores and globular pores (where the anisotropy factor is just unity). The weighting is proportional to ⌺ C /R OC , ⌺ P /R OP and ⌺ G /R OG , respectively, to take into account both the different component contributions to ⌺ T and the different single-scatter profile widths arising from differences among R OC , R OP and R OG . Required consistency between the predicted and measured MSANS anisotropies was found to be the additional constraint needed for obtaining an unambiguous microstructure from the MSANS studies.
In summary, the objective in the anisotropic MSANS analysis is to determine those porosities, ⌽, radii, R O , spheroidal aspect ratios, b, and orientation distributions, which satisfy the following four constraints within the experimental uncertainties: (i) component porosities consistent with the total porosity, ⌽ T determined from density measurements; (ii) component surface areas (using standard expressions for a spheroid) consistent with the total surface area, S T , determined from Porod scattering; (iii) fits to the circularly-averaged MSANS r c vs l data consistent for the two sample orientations used; and (iv) prediction of the MSANS anisotropy consistent with that observed in the r c data with the spray direction perpendicular to the incident beam.
Major approximations in the analysis are that each anisotropic microstructural void component comprises oblate spheroidal elements with a constant (modest) aspect ratio, and that each void component is represented by a volume-weighted mean size. However, since the largest scattering profile width is for Q parallel to the short (bR O ) axis of a spheroid, the contribution to the MSANS broadening from each anisotropic void component is characterized mainly by the mean opening dimension, ͗O.D.͘, given by ͗O.D.͘ ϭ 4bR O /3. Thus, the ͗O.D.͘ values for the intrasplat cracks and intersplat pores, together with the globular pore diameter (2R OG ), are the main dimensions of physical significance given by the analysis. Electron microscopy suggests that, apart from occasional coarse features, volume-weighted mean values for these dimensions are representative of the microstructural void components present.
As a tool in the mathematical analysis, suitable values of b were found from experimentation to be 0.1 for the spheroidal elements representing the intrasplat cracks and 0.2 for those representing the intersplat pores. These values are much less extreme than the mean macroscopic crack or intersplat-pore aspect ratios, defined as the ratio of the respective ͗O.D.͘ to the crack or intersplat-pore "mean penny diameter" (the large planar dimension of either of these void systems traced through any tortuosity present). The latter aspect ratios cannot be determined from MSANS alone but can be estimated by combining the MSANS analysis with anisotropic elastic modulus measurement as discussed later.
In the present study, the MSANS broadening was measured for each as-sprayed and annealed ceramic deposit sample oriented both with the incident beam parallel to the spray direction and perpendicular to it. The beam profile was measured at wavelengths of 1.0, 1.2, 1.4, 1.6 and 1.8 nm for the samples and for the incident beam. These wavelengths were sufficiently long, and the samples sufficiently thick, to produce copious beam-broadening, i.e., z was always greater than ෂ5. Each r c value was obtained as the standard deviation of a Gaussian fitted to the beam profile in the intensity range from ෂ95% of the maximum (at Q ϭ 0) down to ෂ40% of the maximum. Previous studies have established that this fit regime provides reliable determinations of r c from the broadening [34] [35] [36] . For the spray direction perpendicular to the incident beam, the anisotropic MSANS was evaluated by sector-averaging the data on the two-dimensional area detector in 15°sectors around the incident beam. Given the above constraints, the normalization requirement for the orientational weights, the selected b-values, measured r c values at five l values for each sample orientation, and the significant MSANS anisotropies observed for the deposits studied, estimated fractional uncertainties in the MSANS-derived component parameters were ±10% for the porosities, and ±5% for the surface areas, ͗O.D.͘'s, and mean globular pore diameters.
Electron microscopy
Scanning electron microscopy (SEM) studies were carried out to provide basic microstructure evaluation, and to validate some of the trends seen in the SANS and MSANS analyses. During polishing, a number of artifacts (pull-outs) were created that were difficult to distinguish from the voids. Thus, a quantitative image analysis was not attempted on these samples.
For each of the 10 samples (see Table 1 ), two orthogonal surfaces were prepared for SEM, one parallel and one perpendicular to the substrate plane. The surfaces were prepared by diamond sawing, coarse grinding with a Grid-Abade disk (TBW Industries, Furlong, PA) to obtain flat surfaces, polishing for 15-20 min with MasterPolish II (Buehler Ltd., Lake Bluff, IL) at 250 RPM with a force of approximately 200 kPa, and sputter-coated with 15 nm of Au-Pd. With magnifications ranging from 1 kX to 5 kX, an Amray 1830 SEM system (Amray Inc., Bedford, MA) was used to obtain (mainly) back-scattered SEM images of the void microstructures in the deposits. Some of these are presented in Fig. 3. 
Elastic modulus measurement
The elastic modulus was measured for each sample, both along the spray direction and within the substrate plane. These measurements were carried out on the same sample surfaces studied by SEM, but prior to sputtering the Au-Pd layer. The main purpose was to correlate the anisotropic mechanical properties of the plasma-sprayed deposits with their microstructures, as a function of feedstock morphology and annealing treatment. The present studies were developed from earlier modulus measurements of similar plasma-sprayed ceramic deposits [38, 39] .
Each elastic modulus was measured using modified commercial indentation equipment to which load and displacement measuring sensors had been added. Indentation loading/unloading curves were recorded to a precision of 3 mN (0.3 g-force) and displacements to 10 nm. The polished surfaces of the samples were indented with a spherical 2.381 mm (3/32 in.) diameter WC sphere and a nominal 4-N load, resulting in a contact diameter between the WC sphere and the sample of approximately 50 µm and a peak elastic penetration depth of approximately 2.5 µm. The apparent elastic modulus of the sample, E APP , was calculated from the load-displacement curve using standard Hertzian contact theory [38] . The modulus of the sample, E S , could be calculated from E APP by taking into account the elastic properties of the spherical indenter:
where m is Poisson's ratio, and the subscripts, I and S, refer to the indenter and sample, respectively. It was assumed that m S ϭ 0.2, m I ϭ 0.22, and E I ϭ 614 GPa.
The elastic modulus of the sample was calculated from a least-squares fit of the L 2/3 versus h data from the loading curve where L was the load and h the depth of elastic penetration of the spherical indenter. This relationship was linear throughout the loading range examined, indicating elastic behavior. Deviations from elastic Hertzian contact behavior (e.g., due to cracking) would have resulted in deviations from linearity. From measurements on standard glass samples, estimated fractional uncertainties in the measured moduli were ±0.5%.
Indentation measurements made with the indenter impinging normal to each deposit top surface were used to derive an effective Young's modulus, E S ϭ E SPRAY , parallel to the spray direction. Measurements with the indenter impinging normal to each deposit section cut perpendicular to the substrate were used to derive an effective Young's modulus, E S ϭ E PLANE , within the substrate plane. The major aim was to relate the absolute values of E SPRAY and E PLANE , together with the elastic anisotropy given by the ratio, E PLANE /E SPRAY , to the component void microstructures determined from MSANS. In addition, theoretical analyses exist in the literature [40] [41] [42] , that allowed estimates to be made of the macroscopic "penny" diameters of the intrasplat cracks and intersplat pores by combining the anisotropic modulus data with the MSANS-derived parameters already obtained. Table 1 presents the measured percentage theoretical densities (% TD) and derived total porosities for the 10 plasma-sprayed yttria-stabilized zirconia ceramic deposit samples. Also listed are the total void surface areas, per unit sample volume, determined from an orientational average of the anisotropic Porod scattering over all solid angles, as given by equation (1) . The statistical standard uncertainties shown were determined as part of the Porod equation fits to the data in the appropriate Q range. An over (under)-estimate of the skeletal density (100% TD) would have resulted in an over (under)-estimate of the total porosities, and an under (over)-estimate of the total surface areas derived from the Porod scattering. How- ever, the value used, 6.00 g cm Ϫ3 , was deduced from the known feedstock composition and agreed with the results of a recent neutron diffraction study on the same materials [8] . Table 1 shows that the higher porosity in the spheroidized PS feedstock material, compared to that in the FC feedstock, is reflected in the porosities of the ceramic deposits themselves. Even after annealing for 1 h at 1400°C, the PS deposit is still more porous than the FC deposit in the as-sprayed state. In spite of this, the as-sprayed FC deposit has the greater total void surface area, and its surface area remains slightly higher than that of the PS deposit for corresponding annealing treatments. In both systems, the 60% decrease in surface area on annealing is considerably more marked than the 15-20% fractional decrease in porosity.
RESULTS AND DISCUSSION
Densities, porosities and surface areas
The apparent surface area orientation distributions derived from the Porod scattering strongly amplify the true microstructural anisotropies [25] [26] [27] within the deposits and are an important guide to changes during annealing. For example, in the as-sprayed FC system, the intrasplat crack and intersplat pore components could be discerned clearly, and the cracks were observed to anneal out preferentially during the heat treatments [22] . These trends can now be compared with the quantitative results derived from the MSANS studies.
Microstructures of the as-sprayed deposits
For the FC feedstock deposit in the as-sprayed condition, Fig. 2(a) presents best fits to the MSANS circularly-averaged broadening r c vs l data obtained for the two sample orientations used (see Fig. 1 ), subject to the constraints discussed previously. Figure 2 (b) presents corresponding fits, for the several l values used, to the anisotropies in r c data obtained with the sample spray direction perpendicular to the incident neutron beam. Table 2 provides a summary of results obtained for the mean crack and pore sizes, as well as for the porosities and surface areas of each of the three void components in the FC and PS as-sprayed microstructures. The intrasplat crack and intersplat pore ͗O.D.͘ values are close to those that would be obtained from the surface-to-volume ratios assuming parallel-sided cracks and pores. The estimated stan- dard uncertainties in the parameters given in Table 2 were deduced by varying the computer model fits to the MSANS r c vs l data, subject to the previously discussed constraints for ⌽ T , S T , and MSANS anisotropy [see Fig. 2(b) ]. Additional uncertainties arose from the simplifying assumptions made for the component microstructures. In particular, single volume-weighted mean values were assumed for the dimensions of each void type, whereas all of these void components have extended size distributions. Generally, the R O values for the spheroidal elements that were used to model the intrasplat cracks and intersplat pores could be set equal to one another, implying that the cracks (b ϭ 0.1) have about half the opening dimension of the intersplat pores (b ϭ 0.2). The mean globular pore radii are coarser: about 1.3R O for the FC system, and 1.5R O for the PS system. The derived values for the mean void dimensions, given in Table 2 , reflect these relationships. The results in Table 2 suggest that a coarser microstructure of the PS system is responsible for a smaller total surface area than in the FC system. The greater total porosity in PS is mainly accounted for by greater globular porosity.
Although the orientational distributions of the intrasplat cracks and intersplat pores were each represented by just three orientational weights, this was sufficient to model the MSANS anisotropies shown in Fig. 2(b) . The orientational weights determined for the two feedstock systems are given in Table 3 . Again, the estimated standard uncertainties were determined by varying the MSANS model fits subject to the constraints. Table 3 indicates that the intrasplat cracks and intersplat pores are more anisotropically distributed in the FC than in the PS system. Table 3 . Orientational probability weights-over-random for intrasplat cracks and intersplat pores with respect to the angle (low, medium, high) between their normals and the spray direction Figure 3 presents SEM images of the deposit microstructures for the FC and PS deposits, in the assprayed condition, and annealed at 1100°C, and 1400°C. All of the sample microstructures showed regions of considerable variability, resulting from the stochastic nature of the plasma-spray process. The assprayed FC and PS deposit microstructures shown are fairly similar. The mainly horizontal splats are outlined by the intersplat pores, and some finer, mainly vertical, intrasplat cracks are visible inside the splats. While intersplat pores coarser than those indicated in Table 2 are seen, the finer ones have opening dimensions not inconsistent with the ͗O.D.͘ values predicted by MSANS. The intrasplat cracks in the SEM images are finer still, and their opening dimensions are also broadly consistent with the MSANS predicted ͗O.D.͘ values. While it was not possible to discern a coarser PS microstructure here, other differences between the FC and PS deposits, predicted by MSANS, are apparent in the SEM images. Both the cracks and intersplat pores are better aligned in the FC deposit, and the intersplat pores account for a larger fraction of the porosity. Overall, the appearance of the SEM-imaged microstructures shows qualitative agreement with the quantitative MSANS analysis.
Microstructural changes after annealing
Figures 4, 5, and 6 present the results derived from a full MSANS study of all of the samples, measured using the two sample orientations. Similar experimental uncertainties apply to the data in these figures as are given in the Tables. Figure 4 presents the data on the total and void component porosities vs 1-h annealing temperature for the two feedstock systems. Figure 5 presents the corresponding surface area changes, and Fig. 6 presents the data on the mean void dimensions. (The macroscopic penny diameters of the intrasplat cracks and intersplat pores, shown in Fig. 6 , were deduced by combining the MSANS analysis with anisotropic elastic modulus measurements and will be discussed later.) At the annealing temperatures used, both the FC and PS deposits exhibit a modest reduction in total porosity, a marked reduction in total void surface area, and a modest coarsening in most of the microstructure. Also, intrasplat cracks are preferentially annealed out at lower temperatures than are the intersplat pores, as discussed in previous work [19] [20] [21] [22] . However, a comparison of Figs 4, 5 and 6, with the SEM images of Fig. 3 , indicates some striking differences in the microstructural responses of the FC and PS deposits to annealing. In the FC deposit, the annealing out of the intrasplat cracks, and the persistence after annealing of the intersplat pores, are evident from their residual porosities and their residual surface areas. The preferred alignments of the intrasplat cracks and intersplat pores were also found to persist (Table 3) . As shown in Fig. 3(a, c, e) , SEM supports these results of the MSANS analysis for the FC microstructure annealed for 1 h at 1100°C and 1400°C. Figures  4(a) , 5(a), and 6(a) suggest that a conversion of the intrasplat cracks to globular or irregular-shaped pores occurs during annealing, and that the latter coarsen slightly to ෂ1.25 µm. It was not possible to confirm this trend in the SEM micrographs shown. The globular or irregular pores seen elsewhere in the FC deposit showed a broad size distribution, with many pores in the ෂ1-µm size regime. In the PS deposit, fewer intrasplat cracks anneal out at lower annealing temperatures (1100°C and 1200°C), there is a more significant loss of intersplat pores, and some reduction in the preferred alignments of these two void types (Table 3) . Figures 4(b) , 5(b), and 6(b), suggest a considerable transformation of intrasplat cracks (and intersplat pores) to globular pores occurs, which coarsen to 3.5 µm at higher annealing temperatures (1300°C and 1400°C). These effects of annealing can be associated with observed reductions in both the magnitude and anisotropy of the MSANS broadening of the incident neutron beam, in the absence of proportionate reductions in the total porosities. The MSANS-based results are also supported by the SEM micrographs for the PS deposit shown in Fig. 3(b, d, f) , where a broad size distri- bution of globular and irregular-shaped pores are observed to emerge, especially after the 1400°C anneal. A possible explanation is that the low density and hollow particles of the PS feedstock cause air or spray gases to become entrapped within the splats during spraying. The entrapped gas then leads to the development and coarsening of the many spherical pores observed after annealing. Other effects may include the coarse intrasplat crack (associated with a spherical pore) and the fine, unfused particle, both apparent in Fig. 3(d) for the 1100°C anneal. By applying Porod scattering theory to the anisotropically-oriented spheroidal elements defined above [26, 27] , anisotropic Porod surface distributions were derived for the multi-component MSANS model microstructures. For the highly-aligned FC microstructure, recovery of the observed anisotropic Porod surface distributions was precluded by the sensitivity of anisotropic Porod scattering to details of the actual shapes of the scattering voids. However, successful recovery of the observed anisotropic Porod surface distributions was achieved for the less-well aligned PS microstructure, and is shown in Fig. 7 for the assprayed deposit. While this is further validation of our MSANS approach, it should be noted that Porod scattering studies alone would not have identified the critically different role of the volumetric globular pores in the two systems, or the different evolution during annealing of the relative intrasplat crack and intersplat pore volume fractions. Some annealing effects are visible in the SEM images, but it was the introduction of MSANS studies that yielded the statistically-representative microstructural parameters relevant to the prediction of deposit properties. Figure 8 presents the elastic moduli, E SPRAY and E PLANE , determined from indentation studies on all of the deposit samples. The measured moduli are much less than the Young's modulus of zirconia, E O ϭ 210 GPa [39] , due to the void structures within the deposits. The low value of E SPRAY is attributable to the population of intersplat pores aligned mainly parallel to the substrate, while that of E PLANE is attributable to the intrasplat crack population (and to misaligned intersplat pores). The values of E SPRAY and E PLANE increase as intrasplat cracks and intersplat pores anneal out at elevated temperatures, while the elastic anisotropy, given by the ratio, E PLANE /E SPRAY , decreases as shown in Fig. 9 . A comparison of Fig. 9 with the earlier figures suggests that, of the MSANSderived microstructural parameters, the elastic anisotropy tracks most closely with the intersplat pores (surface areas recalled in Fig. 9) . Thus, these pores should provide a quantifiable measure of the lamellar pore/splat structures that govern the anisotropic deposit properties.
Relationship of MSANS-derived microstructure to elastic properties
The use of anisotropic elastic modulus measurement for the microstructural characterization of plasma-sprayed ceramic deposits has recently been discussed [40] [41] [42] . To illustrate using the approach of Kroupa and Kachanov [41, 42] , the intrasplat cracks and intersplat pores are assumed to be aligned perpendicular and parallel, respectively, to the substrate plane. The anisotropic moduli, E SPRAY and E PLANE , can then be related separately to E O (above), to m S (defined earlier), to the overall porosity, ⌽ T , and to the scalar densities, d C and d P , respectively, of the intrasplat cracks and intersplat pores. These are defined by: d C ϭ ⌽ C /(4pa C /3) and d P ϭ ⌽ P /(4pa P /3), where ⌽ C and ⌽ P are the respective MSANS-derived component porosities, and a C and a P are the macroscopic crack and intersplat-pore aspect ratios. Here, the a-values are assumed to be the ratio of the appropriate ͗O.D.͘ to the pennyshaped crack or pore diameter, in contrast to the bvalues of the spheroidal elements defined previously.
From the analysis of the anisotropic elastic moduli [41, 42] , a C and a P can be determined, in principle, and used to obtain the penny diameters because the ͗O.D.͘ values are already known from the MSANS analysis. The penny diameters so obtained are included in Fig. 6 . For the as-sprayed FC and PS deposits, both the inferred intrasplat-crack and intersplat-pore penny diameters are in the range 6-8 µm, acceptably close to the uninterrupted crack and pore lengths seen in Fig. 3(a and b) . On annealing, Fig. 6 indicates a marked reduction in the intersplatpore penny diameters to 1.5-2.0 µm after the 1400°C anneal, while the ͗O.D.͘'s increase slightly as previously discussed. Intersplat pores this short are consistent with Fig. 3(f) for the PS deposit. They are not consistent with Fig. 3(e) for the FC system, but short, partially sintered, intersplat pores were seen elsewhere in the annealed FC microstructure. This spheroidization of intersplat pores during annealing would be one of the expected effects of sintering. In the annealed PS deposits, the intrasplat cracks spheroidize in a broadly similar manner but, in the annealed FC deposits, the penny diameters deduced from this analysis actually get larger-a result not confirmed by SEM or by any other result. The assumptions underlying this analysis break down here because misaligned intersplat pores, rather than the largely annealed-out cracks, govern the value of E PLANE in the annealed FC deposits.
Despite the differences in the FC and PS microstructures, the modulus variations show some universal behavior. Figure 10 is a plot of the geometricmean elastic modulus, ͗E͘, given by ͗E͘ ϭ (E PLANE E PLANE E SPRAY ) 1/3 , vs the total surface area per unit sample volume (from Porod scattering) for all of the samples studied. The calculated curve was deduced from the combined anisotropic MSANS and elastic modulus analysis. For these two deposit systems, sprayed under the same conditions of temperature and humidity, the mean elastic modulus is monotonically related to the total surface area, itself dominated by the overall concentration of planar voids.
CONCLUSIONS
In this paper, it has been shown how MSANS studies, in combination with Porod scattering, SEM, and density determination, can be used to obtain a quantitative representation of the different void components within plasma-sprayed ceramic deposits. The distinct anisotropies of the intrasplat cracks and intersplat pores are the keys to this nondestructive, statisticallyrepresentative, microstructure characterization. Absolute porosities and surface areas of the void components, the mean opening dimensions and globular-pore diameter, as well as the approximate intrasplat-crack and intersplat-pore orientation distributions, have all been extracted from the analysis. As far as we are aware, this is the first time that the individual void components have been characterized in this way.
The generic differences between FC and PS plasma-sprayed deposit microstructures have been quantified and correlated with the feedstock morphology. FC deposits have a higher density and retain the splat/intersplat-pore structure to higher annealing temperatures. PS deposits have a lower density, but also a lower surface area and a higher elastic modulus. Differences in the anisotropic elastic moduli can be understood in terms of these differences in the plasma-sprayed microstructures, particularly in the intersplat pore systems. Since the annealing temperatures here are typical of present and envisaged operating temperatures for plasma-sprayed ceramic deposits in TBC applications, these studies indicate that TBC durability can be enhanced by adjusting the feedstock morphology to optimize the TBC mechanical property evolution during early service life, subject to structure-property relationships like that shown in Fig. 10 .
In addition to the MSANS-derived parameters, a combination of anisotropic MSANS studies and elastic modulus measurements can be used to extract the penny diameters of the intrasplat cracks and intersplat pores. Further research is needed to relate the measured elastic moduli to the component void microstructures, by incorporating more realistic orientation distributions of the intrasplat cracks and intersplat pores [43] . A complete set of representative microstructural parameters (porosities, surface areas, ͗O.D.͘'s, globular and penny diameters, and orientation distributions), for the void components of plasmasprayed ceramic deposits, is highly desirable. With appropriate assumptions for polydispersity in the microstructure, these parameters can be used to predict the generic processing-microstructure-property relationships, not only for the mechanical properties but also for other important TBC properties such as the dielectric permittivity and thermal conductivity.
APPENDIX A
Summary of algebraic termsused
⌽, ⌽ T
Porosity: ⌽ may refer to one void component depending on the context; ⌽ T refers to the total porosity and includes intrasplat cracks, intersplat pores and globular pores. ⌽ C , ⌽ P , ⌽ G Component porosities for the intrasplat cracks (C), intersplat pores (P) and globular pores (G .) The function d⌺(Q)/d⍀ gives microstructural information along a particular direction of Q approximately perpendicular to the incident beam (see Fig. 1 
